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CO  CommunirAlci!  by  I.in-.u  Pnuiin.s.  J ur. _•  V. 

«=CC  <KSjJe  p.'iilaborane,  13^11.,  ic  one  of  the  boron  hydrides,  a  short,  co:up«ra 
tiveiy  *'ttle  studied  series  (>f  extraordinary  compounds  for  whici;  a  satis¬ 
factory  elementary  valence  theory  is  lacking  In  1 047  we  decided  to  under 
take  new  electron  diffraction  studies  of  the  molecular  structures  The 
early  diffraction  work  and  most  of  the  theoretical  discussion  K?^  been  too 
much  influenced  (it  now  seems)  by  unfortunate  ans'ogies  to  ordinary 
valence  compounds,  and  it  had  become  reasonably  cicar  tliat  at  least  the 
old,  ethane  );Uc  structure  for  diborane  vas  incorrect  ird  tliat  a  bridge 
structure  (1)  was  more  likely,  tn  the  case  of  B»H»,  also,  the  structure  from 
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the  previous  dittraction  stuoy-  wus  ,ioi  i„  tvmykU  a£rccmcr,t  »'th  the 
appearance  of  the  photographs,  one  of  which  was  available  to  us.  The 
bridge  structure  of  diborane  has  now  been  well  established. *  the  crystal 
structure  cf  decahorane  (P:cH;«)  hns  been  determined  *  and  the  B»H# 
structure  has  been  determined,  both  from  the  gas  diffraction  pattern  in  the 
work  here  to  be  described4  and  from  ail  x-ray  study  of  the  crysiid  by  Diil- 
mage  and  Lipscomb.1  The  most  impressive  attempt  at  a  theory  of  the 
compositions  and  structures,  however — Pitzer's  protonated  double  bond 
theory,*  which  based  the  junctures  of  all  the  boron  hydrides  on  diborane 
bridges  and  on  some  plausibly  assumed  conjugi  ion  properties  of  these 
bridges — has  been  a  casualty :  each  of  the  new  boron  hydride  structures  has 
shown  little  over-al!  relation  to  the  previous  ones  ana  neither  involves 
the  diborane  bridge. 

The  Structure  Determination. — The  method  used  has  been  outlined  in 
recent  reports  from  this  laboratory.7 

New  photographs  were  taken  with  samples  kindly  provided  by  Professor 
H.  I.  Schlesinger  of  the  University  of  Chicago  and  by  Doctor  I.  Shapiro 
of  the  Naval  Ordnance  Test  Station,  Pasadena.  The  camera  distance  was 
10.94  cm.  and  the  electron  wrvc-lciigth  OOflOK  A  Independent  visual 
interpretations  of  the  photographs  were  made  by  two  observers  (see  Fig.  I ). 

The  radial  distribution  curves,  showing  only  two  strong  peaks,  at  1.7-*  A. 
(B — B)  and  2.77  A.  (B  B  p.nd  B'  •  Hj,  exclude  both  the  s’:*-ncriirc  ad¬ 
vocated  in  the  original  study*  (II)  and  that  proposed  by  Pitr.rr*  (III): 
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IT  would  rcquie  significant  If  ■  11  interactions  at  1.74  y/2  -  2.  Hi  A.  and 
at  2  X  1.74  sin  1  .‘t.V‘  2  -  .4.22  A  at  leas’  if  it  were  normally  rigid,  and  III 
a:  an  average  of  2  X  1.71  sin  U)N°  2  *=  2.N'.’  A.  (T tu-  original  specification 
of  III  would  s.Iso  r.Minirt  tlic  1.74  \.  peal:  to  he  obviously  doubled.)  The 
radial  distribution  curves  did  not  lead  directly  to  the  structure,  mainly 
because  neither  the  relative  areas  of  the  widely’  separated  main  peaks  nor 
the  indicated  absence  of  minor  interactions  outside  them  could  be  relied 


Nevertheless,  the  radial  distribution  information  provided  a  starting 
point  for  a  more  detailed  analyse-  of  the  visual  curves  themselves.  This 
analysis  first  showed  that  the  observed  doubled  character  of  maximum  5-10 
requires  two  groups  of  B—  B  interactions,  of  about  equal  weight,  separated 
by  0.11  0.01  A.  Even  then,  the  outer  part  of  the  observed  intensity 

curve,  including  max.  5-10,  could  not  be  reproduced  without  severely 
restricting  the  distribution  of  weights  and  distances  within  the  2.57  A. 
radial  distribution  peak,  cither  by  making  the  distribution  essentially 
continuous  (corresponding  to  severe  ‘‘tempera*  jre"  factors)  or  ir.  other 
ways  which,  given  the  B— B  split,  were  fairly  obvious  Finally,  when  this 
was  done  on  the  assumption  that  the  2.57  A.  peak  was  due  mainly  to  rigid 
B  •  •  •  B  interactions,  it  appeared  that  the  B  — H  terms  were  probably  also 
split,  by  about  0.15  A.  into  two  groups  of  about  equal  weight.  Corre¬ 
sponding  to  this  distance  information  three  unsymmetrical  arrangements  of 
the  boron  atoms,  a  puckered  five-membered  ring,  a  dimethylcyclopropane¬ 
like  arrangement,  and  an  ethylcyclopropanc-likc  arrangement,  all  actually 
rather  closely  similar,  were  found . 

Before  constructing  and  testing  actual  model?  based  on  these  arrange¬ 
ments  of  boron  atoms  (the  theoretical  intensity  curves  already  calculated 
lacked  the  B  •  •  •  H  terms),  we  decided  to  re-examine  the  tetragonal  pyramid 
arrangement,  which  had  been  considered  but  rejected  in  the  original  dif¬ 
fraction  study,  had  more  recently  been  further  advocated  by  Pauling,* 
and,  unlike  our  unsymmetrica]  arrangements,  was  in  agreement  with  rc 
cent  indications  of  high  symmetry  from  spectroscopic*  and  calorimetric10 
data.  The  2.57  A.  peak  now  had  to  be  attributed  mainly  to  B  •  ■  •  H  rather 
than  14  B  interactions,  contrary  to  our  previous  assumption, 1 1  but  with 
the  help  of  the  previous  analysis  a  suitable  disposition  <>f  hydrogen  atoms 
v/as  readily  found  (Fig.  2)  and  all  others  of  full  symmetry  ''C*. '  were  ten 
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Electron  diffraction  curves  The  theorvfkal  intensity  curves  urc  for  the  following 
pyramidal  models: 
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tiitv.-cly  climi^itcd  M'.v  ne-.v  .■itr„cii.rc.  witli  '.lie  H,  H»  h*k1  Bj  Hi 
distances  tin-  lo-.gcr  i!  then  H-S|>et  live  V  >n<K,  v  eined  plausible  and  met 
w-fli  mmediate  aneeesv. 


All  except  ,.•  I!  trim.  w  ,<•  nirliuUd  !  •»  (lie  theercti-:-'  iiUcusily  curve.;.  The 
coefiicif nls  a.,  ot  .  ump'  iiie.ie*  t  utors  •  xpt  n..q,i  were  telceri  as  0  PP01i>  ler  Hi  -H* 
itid  It.  Hi,  .<  ter  Bj  It,  lnsXIfd!  hn  It  II.  aim  zero  otherwise,  ax  for  dilK>- 

ranc,**  nurl  dtr  cfT<-c<..r  value  t  7r,  wav  :  -  Z. „  of  the  *elcetioii  cf  curves  xlmwi* 

hi  Fia  1 . f».  if.  and  in.  ,■  <-*-i>iidik .  zf  A  a  r|  C  doubtful.  and  D.  E,  and  F  are  un 

acceptable  Important  items  for  these  com  u  u-r  -  err  lie  drpih  of  min  4,  the  shape 

of  doublet  J  f».  the  iclitivc  iniriisiiit-  f  minima  f'.  7.  X.  and  p.  the  sharv  ;f  max  7- 
mtn  f*.  and  the  |>o  :non  and  si.  .or  rtot:l:!t;  B  l  or  (he  best  cut  vra.  the  only  point 

of  substauti.il  disuKrerm.nl  concerns  the  heights  of  lire  fir.t  t h r ee  main  maxima;  it  is 

almost  inconsequential  (or  l hr  purimrtcr  •Irti'riiiiuation  and  prolrably  uriscs  from  an 
underestimate,  such  as  could  hr  especlrd,  of  thr  height  o!  the  broad  inner  max  1-2 


In  tenns  >>f  H  B«».  =»  1.740  A.  the  best  jlia|>e  parameter  values  und 
estimated  limits  of  error,  together  with  the  ranges  for  which  intensity 
curves  were  calculated,  arc:  B  H,v  .  1  288  ±  0.044  A.  (1.22  1.35  A.); 
C — II, pm,  0. 12.i d. 0.090  A.  (0.05  —  0.35  A. i ;  B — ii,Pm,  0.105  *  0.010  A. 
(0.00 -0.12  A);  Z  B,  n,- "Hi.  120  ±  20°  (ST*-12o6);  and  external  dihedral 
angle  BiBiBi-BiByHi.  187  ±  10J  (105-200°),  all  for  the  assumed  C«,  sym¬ 
metry.  These  values  and  the  values  of  (j«i.,/j.b..)ar.  (sec  table 
1  fot  on  example)  lead  to  the  following  results  for  the  bond  lengths: 
B,— Bt,  1.700  .-r  0.017  A.;  B,-  B,.  1.805  ±  0.014  A.;  R,— H,  and  Br- H„ 
1.234  d-  0.060  A.  (Hi — Hi  -  Br-H,  assumed) ;  and  Br— H*.  1.359  ±  0.077  A. 


The  limits  of  error  are  conservative  except  that  no  allowance  has  been  nude  for  the 
possible  effects  on  the  angle  determinations  of  our  rough  assumption  that  the  previous 
gueu  for  ft*  h  in  diborapr  should  apply  to  for  all  the  different  B-  •  •  H  teims. 

The  concentration  of  all  the  B  •  ft  distance  within  the  2.57  A.  pcai  makes  the  ques¬ 
tion  of  interaction  between  temperature  factor  and  distance  parameters  more  serious 
than  usual,  but  the  boron  parameters  and  probably  the  B — H  distances  should  not  be 
much  affected,  since  they  at  -  determined  lazily  by  the  outer  part  of  the  pattern,  where 
the  B  • -H  contribution  is  in  any  case  anui  1 1  It  way  be  noted  that  the  crystal*  and  gas 
values  for  the  bond  angles  and  bond  length*  in  B  Jf,  are  In  good  agreement  except  for  the 
B  -B  lengths,  for  which  the  crystal  values  (l.flff  ±  0.112  A  aid  1.77  ±  0.02  A.)are 
shorter  than  ours  by  possibly  significant  amouid*  compared  to  the  limits  of  error.  Our 
B — B  lengths,  however,  re  In  good  agreement  with  the  preliminary  results  l.(W  A  and 
1.80  A.  of  a  recent  microwave  Investigation."  from  which  none  of  the  other  parameter 
values  have  yet  been  reported . 


The  x-ray  confirmation  of  the  structure  type,  which  was  communicated  to 
us  during  nur  parameter  determination,  made  unnecessary  any  further 
study  of  other  possibilities,  including  the  unsymmetrical  ones  described 
above.  The  high  over-all  symmetry  and  especially  the  C„  skeletal  sym¬ 
metry  have  also  Lecn  confirmed  by  the  microwave  investigation  " 

Discussion. — The  B»H»  structure  has  high  ligancies,  two  for  the  bridge 
hydrogen  atoms,  five  for  tin  apical  boron  atom,  and  six  for  the  basal  boron 
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atoms.  in  agreement  with  the  principle11  that  electron  deficiency  gives  rise 
to  structures  showing  ligancies  in  excess  of  the  respective  numbers  o!  <nii>- 
e.bie  atomic  o»h>tals  For  the  count  of  ligands,  we  take  the  direct  B — B 
interaction  of  a  bridge  bond  as  bonding,  altiiough  the  related  B  -  •  L5  inter¬ 
action  in  diUiianc  is  of'":  regarded  as  not  'mnding  We  believe  our  kosuv; 
tion  is  the  more  likely  one  in  view  of  the  eompaiativcly  short  B — B 
distance.  It  ai°'  makes  the  ligancies  of  hydrogen  and  boron  in  the  boron 
hydrides  and  other  high-ligaucy  compounds  of  boron  more  uniformly 
consistent  with  th  •  high-!igancy  principle,  and  is  the  natural  assumption 
to  make  if  these  compounds  are  to  be  rein'  td  ‘--ordinary  covalent  cmnjiounds 
in  terms  of  resonance,  following  Balding's  discussion  of  the  metals.’*  Paul¬ 
ing’s  relation  rm  »*  rt  —  (1.300  logl0  n  yields  an  attractive  con  elation  of  the 
actually  very  widely  varying  bond  distances,1*  as  well  as  inferences  about 
certain  other  aspect,  r '  tlie  structures.  For  example,  Lite  boron  radius 
which  would  be  exactly  <onipatible  with 
the  bond  distances  of  our  preliminary  V 

n  u  an  -or.  1  .. — n — * 

*  - *  «*>.,.-  U.WJ  •!.,  „•  V»<.^,U.4„  II  _ 

agreement  with  the  average  0.794  A.  oli-  Q  jp 

tamed  from  all  these  compounds.  \  l) 

The  basal  boron  atoms  of  BtH,  and 
the  apical  boron  atoms  of  B,0Hu  form  2  O 
just  the  same  set  of  bonds;  similarly, 

the  apical  boron  atoms  of  B,H*  resemble  T  2  - :  2\  \ 

the  boron  atoms  of  the  calcium  boride 

structure  in  an  octahedron  arrangement 

except  for  replacement  of  external  B  by  Xj 

H.  As  King  and  Lipscomb  pointed  pigurb  j 

out,1*  moreover,  the  whole  B*H»  struc-  BjHf  MnJCture 

ture  is  related  to  the  calcium  boride 

structure  in  almost  precisely  the  saint  way  as  the  B,«H„  stru  ture  is 
related  to  the  boron  carbide  structure.17  \Ve  may  add  that  tr  basal 
boron  atoms  of  B«Hi  and  all  the  boron  atoms  of  decaborane,  as  well  «•» 
the  boron  atoms  of  lioron  carbide  and  the  icosahedron  atoms  of  ele¬ 
mentary  boron  (in  the  modification  of  known  structure’*),  all  have  six 
ligands  in  the  icosahedron  arrangement,  with  bond  angles  approximating 
the  ideal  values  of  60°,  108°,  and  121  */«°  about  as  well  as  would  seem  pos¬ 
sible  under  the  constraints  imposed  by  differing  bond  lengths  and  incompat¬ 
ible  over-all  symmetries.”  Accordingly,  it  seems  reasonable  to  suggest 
that  these  structures  all  reflect  a  strong  tendency  for  sexilignted  boron  to 
adopt  approximately  the  ideal  icosahedron  arrangement. 

The  occurrence  of  the  icosahedron  and  octahedron  arrangements  is 
remarkable  because  they  are  uotably  anisotropic,  in  violation  of  what 
might  lie  expeoed  to  result  from  the  spl  (and  *£■*,  for  the  hydrides)  hybrid 
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orbital*  on  w  Inch  'h  bonding  is  presumably  mainly  based  and  because 
il’ore  is  si.  rely  i.v<  lac!:  <  !  mure  cotivcn'inna'.  alternatives.  i-or  elementary 
bon  i.  lor  <,v:nnp>  ,  o. biaarv  octahedral  roorduiet'on  in  the  simple  cubic 
structure  would  seem  suitable,  especially  in  view  of  its  Hcmum  occiifreu'-o 
ui  iuni|>ivA  -.trncuircs  for  otliei  ,»ti..u>  c. iiis.li  arc  re/. •'■.led  as  f-THimg  vt\ 
lia!f-lx.nds.!0  To  l>c  sure,  the  icosahedron  and  octahedron  i.rr.mgtincm.; 
would  seem  h  ss  anisotropic  if  the  extemil  bonds  were  stronger  than  the 
internal  bonds,  as  indeed  is  tin-  gcncnii  indication  for  BjH»  and  deenborane. 
for  the  basal  l)oron  atoms  of  !5tHi,  lor  example.  ‘he  bridge  B  H,  bridge 
15 — H,  and  slant  B  — B  lxinrls  have  the  respective  Pauling  botid  numbers 
0.4b,  O.-Io,  and  0.07,  with  a  total  of  2.49.  or  only  about  three  times  the  bond 
number  0.77  of  the  B  —  H  external  bond.11  l>;;t  lor  i>ot.*ri  Carbide,  cir- 
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Compausons  or  OaSRRthn  amj  Calculated  Position’s  or  Maxima  and  Minima  re. 

M-nui.  II 


v 

HO 

MAX. 

MIN. 

MAX. 

MW. 

MAX. 

MSN 

MAX 

Mill 

l 

11.19 

7.70 

10  89 

8.  (XI 

(!»  960) 

(0  979) 

(O.083) 

(0  943) 

2 

10.41 

13.31 

17.31 

13.88 

(1  012) 

(0  939) 

(9.959) 

(0.901) 

3 

25  00 

20.47 

25  34 

21 .03 

1.012 

1  02! 

0  098 

0.994 

4 

33  87 

29  70 

33.33 

29  77 

(102.<) 

!  .')-24 

(1  0-11) 

1  021 

s 

38  52 

36  41 

39.00 

30  42 

(0.971) 

(1  0!1) 

(0  943) 

(0.983) 

6 

48  70 

43  40 

48  Ml 

4.3  62 

1.008 

0.999 

1  011 

0.995 

7 

69  51 

S3  53 

00  15 

64  25 

1  (XX) 

1  014 

0  991 

1  007 

8 

72.00 

Of.  95 

71  87 

60  01 

0  998 

1  004 

1.009 

1 .009 

9 

83  29 

78  03 

82  23 

70  60 

(0  984) 

0.991 

(0.997) 

1  013 

10 

90.07 

80  GO 

89  97 

86  57 

(0  989) 

0  991 

(0  991) 

1  002 

11 

4  . 

93.23 

61 .  b6 

0  992 

1.U07 

Average,  12  features  1  004?  1  0048 

Average  deviation  0  009  0  007 


mentary  Ixiron,  and  calcium  boride  tliere  is  no  detinue  indication  one  way 
or  the  other.  Altogether,  a  proper  understanding  of  the  details  of  the 
bonding  is  lacking. 

Nevertheless,  it  seems  unlikely  that  the  immediate  bond  arrangement  in 
these  structures  is  superior.  Instead,  the  essential  point  tnay  be  that  they 
allow  an  increase  in  ligaiicy  without  a  corresponding  increase  (or  even  with 
a  decrease)  in  the  number  and  severity  of  close  non-bond  interactions: 
compare,  for  example,  the  joined  icosahedron  unit  of  tbc  boron  and  boron 
carbide  structures  with  the  simple  cubic  structure  In  the  latter,  each 
atom  has  twelve  next-nearest  neighbors  rolaied  to  it  by  90°  bond  angles, 
whereas  die  icosahedron  atom  has  only  five  internal  next-nearest  neighbors 
at  108°  and  five  external  next-nearest  neighbors  »t  122°.  This  strongly 
suggests  that  the  next-nearest  interactions  are  repulsive  and  important 
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and  that  the  high  digamy  principle  should  be  it  vised  to  r.;»>  that  {!•■>  high 
'igancic  j  tenu  '.<>  in  nehiered  in  smh  a  is  U>  I'i'iitrr.ixc  the  mimbcis  ami 
rn«xin’i/.i-  ; lie  distances  of  next  nearest  neighbors,  even  if  the  resulting  bond 
arr.i.A.  meius  woiil-'  ap]>eui  by  *f-uidards  of  nrdmarc  covakncc  to  he  i::t 
duly  s'n  .mi*  it  <  ...  also  no  omit  for  the  lath  of  apparent  extra  :.Uei.gth 
of  tin  external  f>oi.tis  where  'm  ootahedra  or  two  icosahedr.i  art  joined 
for  the  icosahedron,  again,  tarn  external  bond  would  be  oppe  sed  pnnei 
pally  b>  ten  next  nearest  interactions  at  122"  and  ten  se*-i.>ml nearest  in 
teractions  (assuming  the  staggered  orientation  oi  groups  about  tin  external 
bond)  t.f  the  type 

H . II 

\  / 

»  D  . 

whereas  ecch  internal  bond  is  opposed  (a  full  counting  shows)  by  only  one 
internal  uext-nearesi  interaction  at  )0S~,  two  external  next-nearest  interac¬ 
tions  at  122°,  and  one  external  interaction  of  the  type 

B . B 

^  / 

B— B 

in  the  opposed  orientation.  The  present  situation  is  evidently  related  to 
the  cases  of  cyclopropane  and  cyclobutane,51  where  the  energy  und  C — C 
bond  length  in  cyclobtituiie  arc  botli  greater  than  normal,  apparently 
Ixxansc  of  cross  ring  repulsion,  while  in  cyclopropane,  in  which  the  repul¬ 
sion  is  avoided  by  formation  of  the  thrce-nieinbered  ring,  the  bond  length 
is  less  than  normal  and  the  energy  still  greater  than  normal,  both  apparently 
in  consequence  of  the  angle  strain,  hi  the  higlt-ligiuicv  boron  compounds 
the  relationships  arc  no  doubt  different,  especially  becau:ie  of  the  compli¬ 
cated  resonance  situation;  nevertheless,  the  importance  of  next-nearest 
neighbor  repulsions  seems  to  be  verified  and  there  is  the  additional  indica¬ 
tion  that  angle-strain  shortening  ot  the  internal  bonds  inay  also  occur. 
For  the  calcium  boride  st  ucturc,  of  couise,  the  role  of  (lie  metal  atoms 
has  also  to  be  considered. 
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Or.  Structure  of  .Tetraborane 


. — ,  >fe  have  reinv^tl&ated  gaseous  tetraborane  by  electron  dif- 

cSLl..  •  ■ 

\  fraction.  The  bu* nne- like  model  vlth  tetrahedral  bend  angles  as 

i’  *  '*  r 

♦  *  1 

.  reported  by  Bauer  is  incompatible  with  our  data;  values  of 

/  B-3-3  =  90*5  and  £  25— B— II  «  133»56  do  bring  it  into  agreement,  but 
the  lattor  angle  is  out  cf  ‘.he  question,  et-.p«:ially  for  the  'methylenic1 
hydrogen  atoms.  No  exhaustive  investigation  of  the  butane-like 
atructvje  was  attempted,  however,  because  &  structure  (Big.  l) 

p 

plausibly  related  to  the  boron  hydride  structures  was  dis¬ 

covered  and  shown  to  be  in  excellent  agreement  with  the  diffraction 

3  4 

pattern  early  in  our  work-"  ,  and  has  eince  bean  established  by 
Nordman  and  Lipscomb  by  the  crystal  structure  investigation  reported 
In  the  following  Communication.  The  atomic  arrangement  Is  oloeely 
similar  to  that  of  the  apical  groups  In  decaborane  and  is  comparable 
to  the  arrangements  in  dlborane  and  stable  pentaborane. 

Approximate  values  for  the  numerous  parameters  of  the  model 


are: 


Bx-B3  -  1.85  X,  Bx-B*  ■  1.76  X, 

B3,..B4  =  2.88  X,  (Dihedral  /  BxB3B4-BxB3Ba  -  124*32') 

Bi-Ha  u  b2-H?  -  BpHg  -  1.1 9  X, 

By-Ha  "  1*33  X.  V'H*  ■  1.43  X,  H*  in  plane  of  BiB3B3, 


£  B3-Bi-H8 
These  v-luss  vs: 


118*20',  and/  D13-B2-H7^  »  117*6'. 

obtained  primarily  from  Ilia  radial  distribution 


curve  ("lg.  2);  they  were  reXlnod  by  a  (necessarily  Incomplete) 
correlation  treatment.  The  Ks  parameters  are  highly  uncertain,  but 
the  B-H  distance,  1.19  X,  and  the  B-B  bond  distencea  warrant  com¬ 


parison  with  the  crystal  valuos. 


-  c  — 
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(Consraat  SConr  2^*423)  fsr  support  during  thie  investigation. 
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Introduction 


la  our  laet  Technical  Beport  (#5*  Juno  15»  1952)  a  short  account 
was  givsn  of  how  ths  unsynmotrical  molecular  structures  that  had  been 
derived  for  a  number  of  oompounde  of  heavy  element#  are  incorrect) 
how  the  features  of  the  diffraction  patterns  that  had  seemed  to  d«*a»nd 
these  unsymaetricai  structures  are  instead  a  characteristic  manifest¬ 
ation  of  failure  of  ths  (first)  Born  approximation,  commonly  used  in 
this  work)  and  how  satisfactory  agreement  for  eyametrioal  raoleoular 
structures  wae  obtained  with  a  new  approximate  theory  of  electron 
scattering  equivalent  to  the  second  Born  approximation.  This  account 
has  now  been  published',  as  has  the  somewhat  longer  and  mors  thsoretioal 
artiole  whioh  forme  the  following  section  of  the  present  report.  Die 
teohnical  prospect  presented  by  these  article#  i#  of  a  still  attractively 
simple  theory. 

Keanwhile,  however,  the  10  kev  UFg  pattern  and  the  improved  cal¬ 
culations  mentioned  in  the  second  article  have  shown  that  both  the 
second  Born  approximation  and  the  assumption  cf  tha  aoreened-Oouloob 
flald,  whioh  wa  hava  uasd  with  it,  are  inadequate,  tha  uniformly  good 
agreement  with  the  40  kev  experiments  apparently  representing  a  quite 
fortuitous  cancellation  of  the  relevant  resulting  errors.  The  seoond 
following  section  describes  osleulations  that  agree  with  all  the  pre¬ 
sently  available  data  on  U7g  and  are  reliable,  w#  believe,  both  with 
reapect  to  the  atom  models  and  the  thsoretioal  treatment  of  atooio 
aleotron  scattering  which  were  used.  The  oeloulatlona  are  lengthy  but 
we  hope  to  extend  them  sufficiently  to  provide  values  of  the  complex 
foatterlng  amplitude,  J  f (3  )|  exp  ^iT|(*)  ,  adequate  for  the 

usual  (^40  kev)  electron  diffraction  study  of  any  molecule. 


*'  ,°»*T*,,»T«tMrt,lr  •►  ’  >tr<*t~i  'itttitf  m n«-  . 
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^  The  Theory  of  Electron  Diffraction 
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(Received  Ortober  14,  19J2) 

It  it  shown  that  the  omission  of  an  angle-dependent  phase  factor  in  the  scattering  amplitude  constitutes  a 
significant  error  of  'hr  Bom  approximation,  as  customarily  applied  to  electron  diffraction  experiments. 

Some  general  properties  of  the  scattering  amplitude  are  diacusacd  in  relation  to  the  Bom  approximation 
and  used  to  derive  a  simple  estimate  of  the  required  phase.  The  theory,  thui  corrected,  is  found  to  remove 
the  need  foi  assuming  rather  distorted  structures  in  some  molecules  containing  heavy  atoms.  The  effect 
discussed  is  present  quite  generally  in  the  interference  of  wave*  scattered  by  differing  potentials  and  becomes 
more  prominent  as  the  particle  energy  is  lowered.  In  the  Appendix  a  semlclaseical  procedure  is  used  to  treat 
the  analogous  effect  in  proton  diffraction. 


THE  Bom  approximation  is  well  known  to  predict 
exactly,  in  the  nonrelativist  it  region,  the  intensity 
of  electrons  scattered  by  a  Coulomb  field.  Although  still 
a  perturbation  method,  it  has  seemed  in  this  case  near'y 
immune  from  the  usually  attendant  inaccuracies  and 
h»s  been  widely  and  successfully  used  m  the  analysis  of 
electron  diffraction  patterns.  Confidence  in  the  approxi¬ 
mation  as  ordinarily  applied  to  molecular  structure 
determinations  has  extended  even  to  a  number  of  cates 
which  have  seemed  to  reveal  rather  improbable  jtru<  - 
tures.  On  re-examining  several  of  these  (which  are 
briefly  noted  in  Sec.  I),  we  have  found  that  t  phase 
change,  heretofore  neglected,  which  takes  place  on 
scattering  is  the  probable  cause  of  the  anomalies.1  It 
may,  in  extreme  cases,  lead  to  strikingly  altered  con- 
clurions  about  molecular  structure.  Tne  error  b  one 
characteristic  oi  the  Bom  approximation  and  appears 
whenever  it  is  applied  to  the  interference  of  waves 
scattered  by  potentials  of  different  strengths,  The  phsse 
shift  in  question,  which  depends  significantly  on  the 
effects  of  screening,  is  calculated  approximately  in  Sec. 
II,  and  the  results  are  then  compared  with  experiment. 

L  NATURE  OF  THE  EFFECT 

The  diffraction  patterns  of  electrons  scattered  by 
gases  coasbt  of  weak  concentric  rings  superposed  on  the 

•Present  address:  Lyman  Laboratory  of  Physics,  Harvard 
1'nlverrity,  Cambridge  AS,  Massachusetts, 
t  Contribution  No.  1743 

1  V  ScJiomxker  and  P  r.iauhrr.  Nature  170,  290  (1932). 


intense  forward  maximum  of  Coulomb  scattering 
(modified  by  screening).  Fourier  analysis  of  the  ring 
structure  gives  the  distances  between  the  scattering 
centers  of  the  molecule.  In  some  molecules  containing 
heavy  atoms  a  curious  effect  involving  these  distances 
has  been  found.  Uranium  hexafluoride,  in  which  the 
effect  was  first  noted,  might  be  expected  to  show  octa¬ 
hedral  symmetry  about  the  uranium  atom.  The  mole¬ 
cule  has  instead  appeared  rather  puzzlingly  asymmetric: 
the  calculated  curves  showing  the  distribution  of  inter¬ 
atomic  dbtances*  have  two  distinctly  separated  peaks 
at  1.87A  and  2.17A  rather  than  a  single  one  corre¬ 
sponding  to  s  unique  U—F  bond  length.  Information 
from  other  sources,  however,  in  no  way  confirms  this 
picture.  The  data  on  infrared  spectra,  molecular 
entropy,  and  the  dipole  moment  are  all  consistent  with 
the  symmetrica!  structure.*  Similar  apparent  asym¬ 
metries  have  also  been  found  to  occur  in  a  number  of 
other  molecules  of  the  form  MW,  containing  single 
heavy  atoms.  The  distances  between  the  heavy  atom 
and  its  neighbors  are  apparenJy  rplit  into  two  equal 
group?  ri iff-- ring  by  an  amount  roughly  proportional  to 
Zm—Zx-  For  equal  atomic  numbers  as  in  the  heavy 
molecule  1>,  nothing  unusual  is  observed. 

We  shall  not  dwell  upon  the  valence-theoreti-'il 

•  S.  H.  Bauer,  J.  Cheaj  Pby*.  18,  27  (I95C). 

’See  especially  Bieeleiacn,  Mayr,  Stevenaoo,  and  Turkevicb, 
J.  Chem.  Phy*.  16,  442  (1948);  and  Burke,  Smith,  and  Nieheo, 
J.  Chem.  Pby*.  20,  447  (1952). 
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attempts  which  have  been  made  lo  explain  these 
results  The  smoothness  of  the  ilqx'ndcn  e  nr.  nuclear 
charges  indicates  an  inadequacy  of  the  scanning 
theory  rather  than  any  actual  effects  of  chemical 
bo, .ding.  In  demonstrating  this  we  shall  show  that  the 
molecules  in  question  arc  in  fad  as  accurately  sym¬ 
metrical  as  the  present  diffraction  techniques  may 
discern. 

Of  the  various  inaccuracies  implicit  in  the  conven¬ 
tional  calculation:,  the  most  obvious,  perhaps,  is  the 
esc  of  the  Born  approximation  for  the  atomic  scattering 
amplitudes.  Other  points  more  specifically  molecular 
in  natuic  are  the  neglect  of  multiple  scattering  (by  the 
different  atoms)  and  of  valence  distortion  of  the  charge 
distribution.  A  strong  de|iendencc  on  the  difference  of 
atomic  nu“Lvi  a  cannot,  however,  be  produced  by  either 
of  the  latter  two  effects,  whereas  interference  between 
coriectious  to  the  atomic  scattering  amplitudes  may 
easily  do  so.  For  this  reason  we  assume  that  the  wave 
scattered  bv  a  molec’jle  may  still  be  represented  by  a 
superposition  of  waves  /,(k',  k)e tt,/r  scattered  by  the 
individual  atoms  (j  —  I,  2,  3,  •  •  •)  from  the  direction  k 
to  the  direction  k'. 

The  amplitudes  /,( k',  k)  may  V  shown  quite  gener¬ 
ally  (see  Sec.  II)  to  be  complex  functions  of  the  scat¬ 
tering  angle.  It  is  characteristic  of  the  Bom  approxi¬ 
mation,  however,  that  these  amplitudes,  given  by  the 
familiar  matrix  clement, 

/a( k'.k) - —  f «<»-»•>  'Ffr)rfr,  (1) 

2 rh*  J 

are  always  real  for  atomic  scattering  potentials  F(r) 
(or  more  generally,  for  any  potential  unchanged  by 
inversion  in  the  origin).  An  example  close  at  hand  is 
scattering  by  a  pure  Coulomb  field,  for  which  the 
expression  (1)  predicts  exactly  the  absolute  value  of 
the  scattered  amplitude  but  omits  at  the  same  time  a 
phase  facto,  sensitively  dependent  on  the  angle  of 
scattering.4  Abbreviating  the  amplitudes  for  the 
moment,  as  fj(6),  we  take  explicit  account  of  their 
phases  by  writing  them  as  |y/0)|  exp(fij;(0)).  The 
intensity  of  the  scattered  electrons  averaged  over  the 
random  orientation:  of  the  gas  moWnles  is  then 
proportional  to 

simr</ 

zjmm - z\Mo)\  \m\ 

t.i  sr, i  ii 

sir.  rr, | 

Xcos{if,(0)  — *(•)} - ,  (2) 

sr.t 

where  s—  |k—  k'|  —(4r  'X)  sin(0/2),  and  rtl  is  the 
distance  between  atoms  «  and  j. 

To  see  the  way  the  phase  »j (6)  may  explain  the 
apparent  asymmetry,  let  us  suppose  the  amplitudes 

•  For  the  eimct  solution  see  N.  F.  Mott  snd  H  S.  W.  Master’, 
Titter y  of  .Uomk  CalUsum'  (Oxford  ttnivorjiiy  Proas,  Loodoo, 
1949|,  aecood  edition,  p  48 


(.(9)  arc  real.  Then  .lie  sum  uf  the  terms  contributed 
l>\  a  split  pair  of  distant  c sr„-r4  — 4  and  r,  =  r0+A  w-ith 
similar  atoms  ;  and  would  be  approximately 

2)  (,(0)l  i  /  (0)|  cosdi  sinrr0/5r0.  (3) 

(The  amplitude  difference,  of  order  6/r<>,  is  neglected.) 

Tim  expression  is  of  just  the  form  that  would  i>c 
given  by  (2)  if  the  phase  difference  ;  1,(0)  —  »?,(0)|  were 
proportional  to  s,  and  if  no  distance  sp'ittings  at  all 
existed.  The  scattering  angle  at  which  the  amplitude  ol 
the  wave  corresi>onding  to  (3)  first  changes  sign  (and 
vanishes)  is  given  by  *?■(#)  —  >7.(0) ,  *=  ir/2.  In  practice 
it  is  the  behavior  of  the  diffraction  pattern  in  the 
neighborhood  ol  this  critical  angle  that  has  been 
principally  responsible  for  the  interpretation  in  terms  of 
beating  riue  waves  end  its  implied  molecular  asym¬ 
metry  It  is  hoped  that  in  future  experiments  the  very 
faint  cuter  fringes  of  the  diffraction  pattern  may  be 
observed  at  scattering  angles  sufficiently  large  to 
include  the  second  critical  angle  |t|,(0)  — 1},.(0)|  =3x72. 
c.ince  these  data  are  lacking,  the  correct  prediction  of 
the  scattering  angle  for  which  the  phase  difference  is 
r/2  is  tiie  only  quantitative  test  now  available. 

Moderate  deviations  of  the  phase  shift  from  linearity 
in  s  on  either  side  of  the  single  critical  angle  observe'! 
wiil  not  very  noticeably  change  the  character  of  the 
predated  pattern.  Indeed  the  desire  that  ji>,(0)  —  n,(6)t 
be  linear  in  s  comes  from  comparison  with  the  asym¬ 
metric  model,  whose  lit  to  the  experimental  diffraction 
(jattem,  although  good,  is  not  beyond  improvement. 
The  theoretically  predicted  phase  differences  (see  Sec. 
II)  which  arc  monotonicaliy  increasing  functions  of  x 
(but  not  pro|jortional  io  s)  appear  in  fact  to  fit  the 
observed  patterns  more  satisfactorily  than  the  asym¬ 
metric  model.1 

n.  THEORY 

before  specializing  to  the  atomic  case,  it  will  be  useful 
to  discuss  several  quite  general  properties  of  scattering 
amplitudes.  Let  us  suppose  Mr),  M(r)  and  f  »-(r) 
are  solutions  of  the  Schrddinger  equation  for  equal 
energies  arising  from  initial  plane  waves  in  the  direc¬ 
tions  k,  k',  and  —  k',  respectively.  They  then  obey  the 
relations 

(4a) 

¥o,’*VVx-*x?Vv*-0,  (4b) 

which,  integrated  over  the  volume  of  a  sphere  sur¬ 
rounding  the  scatterer,  are  immediately  expressed  as 
the  surface  integrals 

d  a  \ 

Ms — tfx-  ttk — )dS= 0,  (5a) 

dr  dr  / 

a  a  \ 

MW.-M-M*  ldS— 0,  (5b) 

dr  dr  / 

4  C.  FeLeaMd  acd  J.  Iber ,  private  communication. 
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with  JS  31;  dement  of  surface,  ’(  ihc  radius  of  '.ha 
splicrc  is  made  sufficiently  large,  the  wave  functions 
assume  their  la^.upioti'  values  on  ilic  surface  \\? 
may  tnesi  substitute 

^*(r)  =  ex|)(ik  r)  +  /(kr,  k)  c>:p(iFr)  r 

(wlicre  k,  is  a  propagation  vector  in  *  lie*  direction  r, 
j  |  =■*£)  together  with  the  analogous  expressions  for 
the  other  wave  func.ions.  The  asymptotic  values  cl  the 
surface  integrals  for  large  sphere  radii  arc  then  easily 
found  and  furnish  two  im|xirtant  relations  involving 
the  scattering  amplitude.  The  first  of  these,  coming 
from  (5h),  is 


/(k'«  k)-/(-k.  -k‘). 


(6) 


which  expresses  the  reversibility  of  the  scattering 
between  any  |»ir  of  directions,  From  (5h)  wc  find  the 
relation 

1  k  r 

-{/( k',  k)-/*(k,  k'Jl  —  f  (k",  k')/i,it",  k 

2 i  4r  J 

(7) 

in  which  the  vector  k"  on  the  right  is  integrated  over 
the  sphere  lk"|  **k.  For  the  particular  case  k'-k,  Eqs. 
(4b)  and  (5b)  express  the  conservation  oi  the  particle 
current.  Equation  (7)  then  reduces  to 

Im/(k,  k;“(*/4r)<r  (8) 

(where  a  ia  the  total  scattering  cross  section),  a  relation 
which  illustrates  how  fundamental  is  the  requirement 
that  the  amplitude  of  the  scattered  wave  be  complex 
rather  than  real. 

The  more  general  form  of  Eq.  (7)  may  be  simplified 
by  assuming  that  the  scattciing  potential  has  inversion 
symmetry  F(r)- F(  — t).  Nothing  then  is  changed  by 
inverting  all  vectors  in  the  origin,  and  it  follows,  ir. 
particular,  that  /( k',  k)«  /(  — k',  —  k).  The  latter  rela¬ 
tion  together  with  the  principle  of  reversibility  (6) 
shows  that  the  scattering  amplitude  ir.  symmetric: 

W 

Equation  (7),  under  our  assumption,  then  reduces  to 

10 . =  -  f  k")/(k".  I0«ffi»..f  (10) 

4ir  J 

a  relation  we  shall  have  frequent  occasion  to  apply. 

The  reason  for  the  inadequacy  of  the  Born  approxi¬ 
mation  (i.c.,  the  first  term  of  u  power  series  expansion 
in  a——  Zf/'hv)  in  the  present  context  is  easily  seen 
from  (10).  For  /( k'  k)«0(  /)  we  huve  fir. /(k',  k) 
-O(cd),  from  which  it  follows  that  the  phase  increases 
with  a,  *)(k',  k)-arg/(k',  k)-O(cr).  Clearly  (hen  wc 
must  either  go  beyond  the  first  term  of  the  scries  or 
employ  a  fundamentally  more  accurate  formulation  of 
the  scattering  problem.  In  the  present  work  wc  shall 
use  some  assumptions  based  on  our  c;q>crience  with 


/(•*'.  k)  =  /(k,k'). 


Coulomb  scattering  to  simplify  the  higher  t<  rms  of  the 
tli.rn  scri  .,  then  by  avoiding  ;i  good  deal  of  innneri-  ul 
work  Imt  allowing  still  a  reasonable  comparison  wiih 
experiment.  We  shall  leave  to  a  later  treatment  the 
rclinuncnts  introduced  by  basically  ditTeroni  and  more 
nccwraic  procedure  for  approximating  the  scattering 
amplitude,  calculations  for  which  are  no\.  in  pi '.gross. 

At  the  energies  at  which  diffraction  experiments  are 
IHrforn.ed  (■•-40  key),  electron  wavelengths  are  sub¬ 
stantially  smailcr  than  the  aiomic  radius  <s,  (£<i~!0  to 
20).  For  all  save  small  angles  (0~*>1.<  iu),  therefore,  the 
intensity  of  scattering  is  negligibly  affected  by  the 
screening  oi  atom  it  fields.  lor  these  angles  the  Ruther¬ 
ford  formula  and.  hence,  the  Born  approximation 
intensities  arc  nearly  exact.  At  smaller  angles  the 
effects  of  screening  are  |>artiallv  accounted  for  by  the 
structure  factor  implicit  in  (1).  We  shall  assume  for 
simplicity  that  the  Born  approximation  (1)  represents 
the  absolute  value  of  the  scattering  amplitude  at  all 
angles.  The  '*h»r«rieristie  features  of  lhe  simpler  de¬ 
traction  patterns  arc  in  any  case  quite  insensitive  to  the 
over-all  atomic  scattering  intensities. 

The  difference  Irctwecn  screened  and  unscreened 
Coulomb  fields  becomes  (rarticuiarlv  important  for  the 
phase  of  the  scattering  amplitude.  For  the  unscreened 
field  the  phase  of  the  exact  solution4  contains  principally 
the  coordinate-dependent  term  —  a  iog{£r(l  —  cos8) ), 
wnich  increases  indefinitely  with  r,  lhe  distance  frem 
the  scattercr.  This  is,  of  course,  a  property  |jer.iiinr  lo 
the  slow  decrease  of  the  Coulomb  potential  and  is  absent 
for  screened  fields.  A  simple  estimate  of  the  phase  in 
»he  screened  case  may  be  obtained  by  substituting  the 
Born  approximation  amplitude  J.i(V,  k)  on  the  right 
side  of  (10)  and  equating  both  sides  to  order  o’.  Wc 
obtain 

k  r 

l(k',  k)« - /#(k',  k")/*(k-',  k)rflV,  (11) 

4*7«(k\  k)  J 

an  expression  which  is  equivalent  to  the  second  Born 
approximation. 

To  evaluate  the  phase,  wc  chose  as  an  analytically 
convenient  model  of  the  screened  field  the  ex|w>nential 
form 

F(r)--ZeV'*/r.  (12) 

for  which  the  Born  approximation  amplitude  is 

/a(k'.  k)»  — 2a*oV(lk'— kIVH-l).  (1.1) 

The  angular  integration  cf  (11)  is  not  difficult  to 
perform,  and  the  resulting  phase,  as  a  function  of  the 
scattering  angle  8,  is 


ij(fl) 


with 


)=  —  2n(  H - Vl  tanh-l/f, 

V  44V  sin*(0/2i  / 


A  -  — 


1  sin*(0/2;  ‘ 
>in(0/2) 


C(l+(l  2*:a!))3-cos>/2]' 


(14) 

(15) 
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Since  2AV»1  these  expressions  may  he  reduced  to 
H-r'a1  sa 

n(8}^  --2c. - taulr  ' - .  (16) 

in  which  wc  have  once  again  used  the  notation 
j*  |  k’  — h1  =2 k  sin(ff/2). 

A  graph  of  !ij(0)/a|  according  to  F.q.  (16)  is  given  in 
fig.  1.  for  the  forward  direction,  the  value  ij(0)«  —  a/2 
is  quite  insensitive  to  the  screening  radius.  Tor  large 
angles  the  phase  is  asymptotically 

ij(9)~—  2a  log(2*a  sin0/2),  (17) 

the  value  of  which  may  in  practice  be  appreciable,  even 
for  the  lighter  elements. 

The  validity  of  the  exprev.on  (16)  for  the  phrsc,  at 
least  for  large  angles,  is  somewhat  stronger  than  its 
derivation  by  the  piesent  perturbation  procedure  might 
imply.  This  may  be  seen  by  exploiting  the  similarity  of 
the  large  angle  scattering  by  screened  and  unscreened 
Coulomb  fields.'  In  particular  the  dependence  of  the 
asymptotic  phase  (17)  on  8  is  the  same  (apart  from  an 
additive  constant)  as  that  of  the  exact  Coulomb  phase, 
a  fact  which  implies  correctly  that  for  angles  fl»l/io 
the  scattering  amplitudes  for  the  screened  and  un- 
>creened  fields  differ  only  by  a  phase  factor,  inde¬ 
pendent  of  angle.’ 

In  undertaking  comparisons  with  experimental  results 
we  shall  assume  that  the  estimate  of  the  phase  given 
by  (16)  is  sufficiently  accurate  to  be  used  directly*  in 


•  It  may  alto  l»e  teen  from  the  work  of  R.  Dtliu  [Proe.  Roy. 
boc.  (London)  A2v*.  sow  tivsi  il  who  h»*iltrlv<*l  thexxvinptooc 
form  (17)  sod  ihown  that  It*  occurrence  «x  a  phase  is  continent 
with  the  third  Bom  approximation  at  well  m  the  second 
’This  behavior  U  Implicitly  made  ute  of  In  computing  the 
Coulomb  tcatterint  of  identical  particles  when  one  of  them  it 
screened  (e.g.,  p-t  scattering).  The  constant  phase  factor  by 
which  the  Coulomb  snd  correctly  screened  solutions  differ  Is  not 
observed.  For  other  potentials  the  Interference  effect  Invoiced  in 
the  scattering  of  similar  particles  will  alto  require  a  knowledge 
of  the  angle -aependeiil  part  of  the  phase,  omitted  in  the  first  Bom 
approximation. 

•Our  procedure  here  tcOuUy  goes  leyond  the  second  Bom 
approximation,  which,  strictly  speaking,  would  only  con*ider  the 
terms  of  (2)  to  order  a1,  and  would  thereby  eliminate  the  con¬ 
tribution  of  the  phase  entirely. 


the  formalism  of  Sec.  I.  The  accuracy  of  'his  method  is 
difficult  to  estimate  without  ]>erforniing  numerically 
more  involved  calculations.  We  may  mention,  however, 
that  the  preliminary  results  obtained  using  u  more 
accurate  method  (based  on  the  smallness  of  n'ko 
lather  than  o)  arc  favorable.  They  indicate  that  the 
accuracy  of  (16)  for  o~l  is  roughly  commensurate  with 
that  of  the  screening  model  (12). 

III.  COMPARISON  WITH  EXPERIMENT 

While  the  phase  shift  we  have  discussed  will  modulate 
the  intensities  oi  the  diffraction  patterns  of  all  heter- 
alomic  molecules,  its  effect  is  most  strongly  felt  when 
large  differences  in  the  nuclear  chaigcs  prevail.  In  such 
cases  the  attempt  to  account  in  the  conventional  way 
for  the  observ  ed  modulation  has  led,  as  we  have  already 
noted  in  Sec.  I,  to  the  assumption  of  curiously  unsytn- 
metrical  molecular  s'p,rturcs.  For  a  proper  interpre¬ 
tation  in  the  light  of  the  present  work,  the  diffraction 
datu  for  each  of  the  molecules  in  question  will  eventually 
require  detailed  rc-analysis.  A  simple  way,  however,  of 
checking  the  corrected  theory  is  t*>  show  the  way  in 
which  the  treatment  based  on  symmetrical  models  with 
phase  shift?  is  able  to  duplicate  the  numerical  results 
previously  arrived  at  for  the  apparent  asymmetries.  To 
do  this  we  note  by  comparing  (2)  and  (3)  the  approxi¬ 
mate  relation 

(18) 

in  which  r.,»  is  the  value  of  2k  sin(0/2)  for  which  the 
phase  difference  is  r/2.  An  approximate  value  of  the 
screening  distance,  adequate  for  the  calculation  is 
a«*0.528£‘*A.  The  predicted  apparent  “splits"  ( 28 ) 
that  resuit  are  listed  in  Table  I  along  with  the  cor¬ 
responding  experimental  values.  Their  agreement,  it 
may  be  seen,  is  quite  close.  It  follow*  that  for  these 
molecules  the  diffraction  patterns  predicted  by  the 
present  formulation  will  be  in  good  agreement  with 
those  observed.  The  intensity  curve  calculated  for  UFi 
at  40  kev  seems  to  show  even  better  agreement  than  the 
previous  work  for  the  central  and  outer  parts  of  the 
pattern.1  This  is  a  consequence  of  the  deviation  of  the 
phases  from  proportionality  to  s. 

A  large  number  of  electron  diffraction  studies  of 
molecules  containing  heavy  atoms  are  on  record  in 
which  nothing  anomalous  was  observed,  a  ciriumstancc 
which  no  doubt  helped  delay  the  recognition  of  the 
phase  chiitx.  it  i»  imnortant,  therefore,  to  remark  that 
in  all  the  adequately  reported  cases,  the  pattern  wa« 
observed  only  at  angles  at  which  the  pnase  difference 
is  less  than  the  critical  value  r/2. 

The  phase  given  by  Kq.  (16)  is  increased  bv  lowering 
the  electron  energy,  and  its  modulation  of  the  diffi  action 
pattern  varies  more  rapidly  with  s.  The  resulting  energy 
dependence  of  the  pattern  is  a  featu.e  absent  from  any 
treatment  based  on  the  first  Born  approximation.  Some 
photographs  of  UF«,  taken  it  10  kev  do  indeed  show 
changes  in  the  direction  predicted,*  and  •.>•’!!  he  analyzed 
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ABSTRACT 

The  partial  waves  scattering  theory  has  been 
applied  to  eleotron  scattering  by  U  and  F  atoms  at 
40  and  11  kev.  The  electron  scattering  ty  the  UF6 
molecule,  predicted  from  these  results,  is  in  good 
agreement  with  experiment. 


I.  INTRODUCTION 

Recently,  Schomaker  and  Glauber^  have  pointed  out  that  anomalies, 
e.g.  apparent  asymmetry,  in  tha  structures  of  molecules  containing  both 
heavy  and  light  atoms  as  determined  by  electron  diffraction  con  be  re¬ 
moved  by  using  complex  atomic  scattering  amplitudes,  £(0),  and  hence  by 
rejecting  the  first  Born  approximation  which  gives  only  real  amplitudes# 

A 

This  approximation,  although  theoretically  Justified  only  for  -a  »  Z»  y(frv) 

\ 

small,  lias  nevertheless  been  universally  employed  in  investigations  of 

the  molecular  structure  of  gusea  by  electron  diffraction.  Using  the 

2 

second  Born  approximation,  Glauber  and  Schomaker  evaluated  the  phaso  of 
the  complex  amplitude,  (0)  *  arg  £(0)»  for  the  screened* coulomb  field. 

In  this  way  remarkably  good  agreement  vas  obtained  for  a  large  group  of 
molecules  at  40  ke\.  However,  good  agreement  is  not  obtained  for  the 


UF$  pattern  at  11  kev,^  and,  in  any  case,  the  oecond  Born  approximation 
and  the  assumption  of  a  screened -coulomb  field  are  both  uncertain,  so  that 
a  more  adequate  calculation  is  desired,  tfe  describe  belov  the  application 
of  the  partial  waves  scattering  theory’  to  the  problem  of  the  scattering 
of  electrons  by  atoms  (U  and  F).  The  energies  considered  (ll  and  LO  kev) 
are  sufficiently  high  sc  that  clactron  exchange  and  polarization  effects 
can  be  neglected. 

II.  THEORY4 

The  solution  to  the  problem  of  the  elastic  scattering  of  a  beam  of 
particles  by  a  central  potential  V(r)  is  given  by 

oo 

f(0)  -  (21k)'1  £  (2fl)(e21^*  -1}  P.(Cos  6),  (1) 

t-0 


where  0  is  the  (Scattering  angle,  k  is  2  and  the  phaaes,  may 

‘v 

be  interpreted  as  the  phase  differences  between  the  perturbed  and  unper¬ 
turbed  radial  functions  at  large  dist-ncea  from  the  nuclous.  The  £.'s 
can  be  evaluated  in  several  ways  for  electron  scattering.  When  $,  - ;  1, 

V 

(l)  can  bo  rowrltten  as 

00 

f(0)  -  k"“  £  (2t*l)  5  P  (cos  0)  (2) 

t*0  l  l 


and  the  £  ,'a  are  given  by 


_  •*  _ 


V ( r )  +  1  (icr)  rdr 

2 


(?) 


Substitution  of  (3)  ir.to  (2)  yields  the  first  Born  approximation  for 
the  scattering  amplitudes,  namely 

I®(0)  ■  I  V(r)  r>  dr,  <4) 

j  ^  cr 

^  o 

where  £  *  2fc  sin(0/2).  When  the  £,'e  ere  rot  small,  they  may  be 
evaluated  conveniently  by  the  VHD  method .  Starting  with  t..e  relative 
iatic  Schrddinger  equation 


v2t  ♦  X2<r)?  '  °» 


:s> 


where 


KMr)  , 


we  obtain 


°(p)  -  fft2(r)  -  *JW*t  GQ(r)  -  (k*  -  ’ 

Here,  the  energy  E  includes  the  rest  energy,  and  r,t  £*  y>  0  ore  the 

zeros  of  the  respective  integrands.  In  accordance  with  the  work  of 

Langer,5  we  have  replaced  t(t*l)  by  The  £„'s  may  also  be 

*  6 

evaluated  exactly.  This  haB  been  done  by  Bnrtlott  and  h’elton  with  a 

differential  analyzer  for  Hg  at  100  end  230  kev  starting  with  Gordon's 

solutions  of  the  Dirac  equation.  Although  the  ».'s  from  the  WKB 

x 

method  are  generally  supposed  to  be  reliable  only  when  large,  and  hence 

only  when  t  is  small,  Bartlett  and  welton  found  these  values  to  be  in 

excellent  agreement  with  the  exact-  values  over  the  entire  range  of  t; 

they  found  the  £-'s  to  be  reliable  at  large  t. 
u 

III,  PROCFRTRE  <U!P  RESULTS 

We  first  compute  the  complex  atomic  scattering  amplitudes  for  U 
and  F  at  40  and  11  kev  and  then  apply  these  to  the  scattering  by  the 
UF$  molecule.  UF$  was  selected  because  it  offers  the  most  severe  test 
(the  molecule  exhibits  the  largest  appaz-ent  asymmetry"*-)  and  because 
only  for  it  do  we  have  electron  diffraction  photographs  prepared  at 
11  kev  as  well  as  at  the  usual  40  kev. 


•>  — 


For  U  wo  adopted  the  Thoms-Femi  potential,  using  the  approximate 

foim^ 


3 

V(r)  -  -2*i  ^a,e-VA  <7)  • 

r  1«1  1 

where  *  0,10,  a2  *  0.55,  *  0.35,  b,  -  6.0,  b^  «  1,2,  b^  *  0.3,  and  a, 

*"  A  Q 

the  screening  radius,  is  0.4685/4J’/  •  For  F  we  used  the  Hsrtree  potential 
in  the  approximate  form 

V(r)  -  -  4  o  r  (a) 

r 

where  •  3.94,  Pg  *  17.0,  and  c  =*  -2,67,  Preliminary  calculations 
Indicated  that  the  effect  of  electron  spin  would  be  important  only  for 
4  ^  2,^  and  since  in  the  final  summation  (l)  these  terms  are  induced  in 
importance  by  the  factor  24  ♦  1,  we  felt  Justified  in  adopting  the 
relativistic  Sc'nrttdinger  equation  (5),  For  small  4,  the  5„'s  were 
oaloulated  for  40  and  11  l:ev  from  the  WKB  expression  (6);  for  large 
4  (i25)»  it  was  found  that  the  (3)  and  £*8  (6)  were  in  ex- 

eellent  agreement,  ac  anticipated  from  the  work  of  Bartlett  and  Uelton.^ 
With  the  © ,'s  obtained  in  this  way  (fable  I),  we  have  evaluated  the 
magnitudes  jf(6)j  and  the  arguments  ^(0)  of  tne  complex  scattering 
amplitudes  (Table  II).  The  £'s  for  U  car.  also  be  computed  over  the 
entire  4  range  from  the  aoyraptotic  expression  (15)  bolow.  Ir.  this  case, 
although  the  £,’s  differ  from  the  above  by  as  much  as  dX  at  40  kev 

mt r 

and  15X  at  11  kev,  the  resultant  magnitudes  and  argume;,. <  in  no  cose 


'3  - 


I 

I 


t 


Table  I 

Selected  Values  ol*  C, 

°  t. 


t 

Urcnium 

Fluorine 

40  kev 

11  kev 

40  kev 

11  kev 

0 

6.11 

7.2C 

0.571 

1.05 

2 

3.49 

4,67 

0.414 

0.555 

4 

2.47 

2,96 

0.317 

0.391 

6 

1.87 

2.06 

0.258 

0.297 

8 

1.53 

1.52 

0.218 

0.234 

10 

1.26 

1.16 

0.189 

0.188 

15 

0.847 

0.679 

0.135 

0.113 

20 

0.602 

0.4a 

0.101 

0.071 

25 

0.452 

0,302 

0.077 

0.046 

30 

0.353 

0.212 

0.059 

0.029 

35 

0.282 

0.152 

0.046 

0.019 

40 

0.228 

0.110 

0.036 

50 

0.155 

0.059 

0.022 

70 

0.076 

0.018 

100 

0.0?fl 

» 


Table  II 

Magnitudes  and  Arguments  of  the  Scattering  Amplitudes 


0-330  3*53  0.478  0.623  3.34  I.30  0.051  0.623  0.052  0.162  O.vT. 

0.267  3.74  0.378  4.64  0.520  3.60  1.06  5.60  0.040  0.676  0.041  0.328  0.030 


-  t 


differ  by  no re  than  3^  from  thoce  in  Table  II,  the  relcti re  error  in¬ 
creasing  with  iricrcsaeing  9. 

In  the  application  of  these  results  to  the  molecule  UF^,  the  assump¬ 
tion  is  made  that  multiple  scattering  nnd  valence  distortion  are  negligible. 
Thon  for  visual  data  the  following  expression  for  the  intensity  function 
(specialized  for  the  case  of  UF$)  io  suitable: 


1(e)  K(a)  -  (6/rU-?)  cos  %(0)}  sin  (r^s)  ♦  (  ^(6)/ /foie)} ) 

(9) 

X  ^"(l2/rp_p)^  exp^-(aj>_p-ajj_y  )c2j)sin  (r^^s)  r 

(3/rF#F)(expC-(»f#F-a;j#F)sO  )  sin  (rF#Fa)J, 

where  1(a)  is  the  modified  scattering  intensity,  K(s)  is  a  smoothly  de¬ 
creasing  function  of  a,  and  e"*^'  is  the  temperature  factor  for  the 

1  1C 

distance  between  atoms  i  and  *  U.iing  the  complex  amplitudes 

e  ° 

obtained  above  and  a  symmetric  UF$  model  (r^^  ■  2.00  A,  j;p_F  »  2,83  A, 
and  Ip.y  *  4*00  A)  with  gy_F  ■  1.5  IO’3  and  •  2.2  I0“3,n  we  have 
ova lusted  the  function  I(s)K(s)  at  11  and  40  kov.  Fig.  1  compares  the 
calculated  und  the  visually  estimated  versions  of  this  function.  When 
one  oonsiders  that  the  visual  curves  ore  significant  only  for  comparisons 
of  intensity  over  a  small  range  of  s  (e.g. ,  that  one  usually  can  compere 
the  height  of  max  jj  only  with  the  average  of  the  heights  of  max  yj+l  and 
max  fl-l)»  the  agreement  is  excellent.  For  the  present  purpose,  the  most 
significant  parts  of  the  patterns  are  the  very  sensitive  regions  where 

^£.(9)  "  fly 2  and  those  are  reproduced  satisfactorily  (Table  III). 
Table  II  alGo  provides  a  comparison  with  the  magnitudes  |^(0)  cal- 

*1  '■J 

culated  by  the  first  Bora  approximation*''  (ueing  (IB)  and  (19))  end  the 
phase  angles  f) -(B)  for  U  calculated  by  the  second  Born  approximation. 


~  9  ~ 


For  the  latter  it  v.j.s  r>;  -  :  - t  o  extend  the  calculations  of  Glauber 
and  Schomakerc  tc  the  j  -f.r.tial  for  U  used  here.  Their  fornula  it 


r,%)  -  7>B(k*.  V)  — £ —  f  fV' ,  ;?  )**(&•.  i)isiza  do) 

'  v  Urrr(0)  J  * 

whore  k  and  kf  refer  to  the  directions  of  incidence  and  scattering  res¬ 
pectively,  and  k*  it  integrated  over  tho  sphere  |  k" j  •  k.  When  the 
potential  (7)  for  U  wat  inserted  and  the  Integration  perforated  there  retulted 


3  3 

— .B  *"  <T  ,  h..  oob(0/2) 

01B(O)  -  —j -  2.  Z-f1  (fni-1 - Si - - - 

aer(0)co.(K/2)  ML  J-l  lj  00,0(°/2> 

-1  hiJ  C0,(Q/2) 


•f  tanh 


‘ij'n  ‘  c0,"w/2) 


>,  (11) 


a  a 


«ij  -  1  ♦  (bi  *  ' 


1/2 


hij  "  [(bi  -  “  («Jj  -  oot»(©/2))tao*(0/2)] 


which  it  in  serious  disagreement  with  the  partial  wars*  valuta  and  with 

experiment,  ae  nay  be  eeen  from  Tablet  IZ  and  III.  The  good  agreement 

5 

with  experiment  obtained  previoutly  mutt  bt  due  ,0  a  fortuitout  cancel¬ 
lation  of  errors <  For  heavy  atom#  the  toreened^ooulcnb  field  ie  quite 
unsatisfactory  end  (10),  even  at  40  kev,  it  inadequate. 

It  is  planned  to  extend  the  oalculationt  for  40  kev  electron#  to  c.  ..r 
atom#  with  the  hope  of  achieving  a  sufficiently  general  theoretical  basis 
for  electron  diffraction  studies  of  ths  molecular  structures  of  gates. 

We  thank  Professor  Teraer  Scho maker  for  fading  this  paper  and  for 
mt-king  uany  helpful  suggestions. 
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Table  III 


V-.vuep  cf  9 


■*e  ^V’0) 


tfF(o> 


/2 


Voltage,  kev 

Observed 

spertial  wavee 

82nd  Born 

40 

1C. 7  ♦  0.6 

10.9 

7.7 

11 

6.6  ♦  0.6 

7.1 

3.8 

-  11  ~ 


iv.  at  -i  r  * x  —  mathematical  details 

The  Phases  and 

When  oonputicg  ^  it  is  convenient  to  split  up  (6)  as  follows: 
Cr*  Cr » 


^tm 


G(.*)lv  - 


r  oo 


G  (r)dr  4- 
o 


[o(r)  -  GQ(r)J  4r  •  Ij  -  I*  +  l3. 
JrB 


(12) 


Hare,  r,  is  sufficiently  large  so  that  for  r  >  r*  ,  0(r)  and  j»o(r) 
do  not  differ  by  more  than  lOjt.  Then  1B  reduces  to 


‘oo 


4  ‘*J 


&  I  [▼<*)/«„(»)]  *». 


U3) 


r.  was  evaluated  graphically  and  Ix  was  integrated  nuaerioally  using 
Sinpson's  rule;  Ia  oan  he  integrated  analytically.  J[s  (lj)  oaa  he 
expressed  in  ter-e  of  various  power  expansions  and  when  V(r)  is  given 
hy  (7)c  the  following  expression  is  convenient J 


la  •  -a 


’  r  oo 

I d,  .-V/» 

1-1  Jr9 


/  C  »■  -U  ♦  %)•/*  ] 


1/2 


3  B 

Z  *4{  W  -  [n  -  u£  +  (3"*  -  V  fr  -  \  -  15aJ )■*■...]} 

iBl  * 


Uj  -  h^(A  *■  %)/lca,  a  -  cosh  ^  (rj)t/(A  •♦’%))• 


£ 

For  lares  values  of  l  (  £  25)  •  it  was  found  that  rx  ;t,5  r3  ,  so  that 
(l?)  induces  to 

3 


K  m  ^  ai  W  • 


(15) 


i»i 


i2  - 


For  the  samo  potential,  (3)  booomsu 
3 

^  *  -«  ^  ^  (1  (l6) 

The  jj^'s  were  computed  for  0^  A^  10  using  the  polynomial  expansions,1' 

”  14 

for  i  ^  thr<>-  wrs  c^eluated  using  V/Atson's  relation  : 

^(oosh  \  )  -  exp£-(i  ♦  -J)(  £  -  taah  ^  )]  eech1^2  \  Kq  [(A  ♦  $)tanh  \  ] 

+  0  (e~^/f).  (17) 

At  J l  m  10,  (17)  gave  ralues  in  excellent  agreement  with  the  exact  wiluee 
and  therefore  its  uee  vaa  Jvatified  for  higher  l  .  When  confuting  the 

A 

phases  for  large  A  (  >  25) ,  only  the  term  for  ^  •  3  is  of  importance  in 
(7).  Since  the  corresponding  £  is  muoh  less  than  unity,  (17)  reduces 
▼ery  nearly  to 

K0  [(A  +  i)  l  }  -  (  (A  ♦  *)  ba/ka] 

so  that  the  S.’s  and  S  are  in  close  agreement. 

I*  L 

Corresponding  quantities  for  the  1  potential  (8)  oan  he  readily  oh- 

~a  r 

talned:  Integrale  involving  a  term  jf  the  form  ere  —  are  obtained  by 
differentiating  with  respect  to  8  the  integrals  already  obtained  for  terms 
of  the  form  0  eT®—  ( the  U  potential). 
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The  Scattering  Amplitudes 

In  summing  (l)»  the  convergence  of  the  real  pert  is  improved  by  sub¬ 
tracting  f^(0)  as  given  by  its  series  expansion  (?)  end  eddir.g  it  aa  ob¬ 
tained  by  the  integration  of  (4).  The  integrated  expressions  are  respect¬ 
ively  for  U  and  F 

3 

f*(e)  -  -2kaa2  5  aj (b2  ♦a282)"1  (18) 

i-1  1 

and 


**(«)  *  -».o  O^r1  ♦  (2cp2)m+**r2']  (19) 

By  substituting  the  following  asymptotic  expressions^ 

Kq(x)  ^  (  7T/{2x)?-/Z  e”X  (20) 

and 

PjCeoa  0)  ~  (|  t  Bin  ©)“-  Bln  [  {l  *  *fr)«  +  £  j  <  (~  l  sin  ©)"^  (?l) 
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into  the  respective  expressions  for  the  reel  and  the  imaginery  ports  of 
f(9/t  it  was  shoT/n  that  negligible  erm..~  would  arise  from  termination  of 
the  summation  at  t  ■  70  for  the  real  part  and  at  t  "  ICO  for  the  Imaginary 
part,  for  0  >1°.  For  0  *  0°,  (cob  ft)  »  1  and  an  exact  termination 
correction  cun  be  made. 

The  ( cos  0)  were  obtained  from  the  available  tables  up  to  t  »  10 
and  for  10  £  t  *100,  1°  f  0  *  16°,  they  were  computed  from  the  relation 

Pt(cos  0)  (0/sin  0)1/2  JQC(^)  ©3  (22) 

which  may  ba  derived  from  the  corresponding  asymptotic  expressions."*"^ 
Equation  (22)  waa  satisfactory  for  l  as  low  as  5  over  the  whole  range  of 
0  indicated  in  Table  II. 
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Fig.  1.  Intensity  curves  for  UF^,.  "V"  visual,  "C"  calculated 

for  "40"  or  "11"  kev.  Further  photographs  will  be  made  both  at 
40  and  1  1  kev,  and  the  visual  curves  (40-V  is  due  to  Dr.  Otto 
Bastianscn  and  1 1  -V  to  Felsenfeld  and  Ibers^)  are  not  to  be  regard¬ 
ed  as  final. 
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Beryl llux  Boride 


|  The  formation  of  boron  hydrides  by  acid  hydro lysis  of  the  product 
&  heating  magnesian  with  boric  oxide  appear*  to  oocur  in  nlailar  yield 
if  beryllium  is  used  in  place  of  the  magnesium.  so  that  if  the  first 
process  involves  the  magnesium  boride  l!g3a  described  in  mr  Technical 
Report  Ho.  3  (June  15.  1932).  the  second  might  well  involve  a  similar 
beryllium  borlda.  Howovor,  the  beryllium  atom  is  so  email  oompared  to 
the  other  aetal  atoms  of  the  HBa  aerlea  that  the  composition  BeBa  is 
rather  unlikely.  Accordingly,  an  attempt  to  prepare  a  beryllium  boride 
and  study  its  crystal  structure  seemed  desirable. 

Experiments  and  Results.-  A  mixture  of  approximately  equal  weights 
of  ooameroicl  powdered  boron  (99*^7^)  and  powdered  beryllium  (premium 
grade)  was  heated  with  a  gas-oxygen  flams  to  about  1400°  C  for  several 
minutes  in  a  beryllium  oxide  oruolble  under  a  current  of  helium. 
(Because  beryllium  is  so  very  toxlo,  all  operations  of  handling  and 
heating  were  carefully  performed  in  a  hood.)  The  resulting  inhomo¬ 
geneous  mane  contained  coppery  partioles,  some  of  which  were  powdered, 
lisel-ad  in  a  thin-well  soft  glass  capillary  tube  about  i/4  ma  in 
diameter,  and  photographed  with  nickel-filtered  OuBd  radiation  in  a 
Strauman'iS-type  camera  of  nominal  radius  IS/r  cm.  The  photograph, 
showing  a  rathor  erail  number  of  macro-orystalline  lines  in  addition 
to  a  complex  spectrum  of  smoother  lines,  indicated  the  existence  of  at 
least  two  phases.  The  macro-crystalline  lino  a  correspond  to  a  face- 

oentered  cubic  unit  cell  with  a.  s:  4.66  %  and  their  intensities 

o 

suggested  a  fluorite  type  of  structure. 


-  2  - 

Photograph*  of  further  preparation*  (mostly  carried  out  in  a 
quart*  tube  rather  than  the  beryllium  oxide  crucible)  indicated  maximum 
yield  of  the  cubic  phase  for  an  initial  atonic  ratio  BeiB  between  2:1 
and  ltl.  but  closer  to  2:1  than  1:1,  and  showed  that  the  other  lines 
were  probably  due  to  one  or  mere  phases  with  higher  beryllium  content. 
Attempt*  to  prepare  the  cubic  phase  in  pure  fom  for  reliable  deter¬ 
minations  of  composition  and  density  were  unsuccessful.  The  positions 
and  intensities  of  the  cubic  lines  were  measured  on  several  of  the 
photographs  by  the  methods  described  for  magnesium  boride.  Loast 
squares  refinement  on  the  *lns6hW  values  then  led  to  the  result 
aQ  •  4.6583  +  0.0017  ft;  the  observed  and  calculated  values  of 
sln*©hjc£  are  given  in  Table  I. 

Structure  factors  were  calculated  for  a  structure  with  8  Be  at 

(1/4, 1/4, 1/4; 3/4, 3/4, 3/4)  +  F.C.  and  4  B  at  0,0,0  ♦  F.O  (the  fluo.-ite 

2 

positions)  using  the  atomic  form  factors  of  James  and  Brindley, 

The  resulting  moduli  showed  approximate  agreement  with  the  observed 
intensities,  and  the  signs,  together  with  the  observed  moduli  J F  ^  j  , 
led  to  the  plot  of  ^(x,x,x)  vs  x  shown  in  Tig-are  1.  In  addition  to  th, 
expected  peaks  at  0,0.0  and  l/4,l/4,l/4,  there  is  a  peak  at  1/2, 1/2# 1/2 
about  one-quarter  as  high  as  the  main  peaks.  This  position  haw  eight 
beryllium  neighbors  at  a  distance  of  2.02  ft — less,  even,  than  the 
Be-Be  single  bond  distance  of  2.14  ft — ard  cannot  contain  a  beryllium 
atom.  It  therefore  appears  that,  in  addition  to  eight  beryllium  atoms 
and  four  boron  atoms,  the  unit  call  contains  approximately  one  other 
boron  atom  randomly  distributed  among  the  four  positions  l/2,l/2,l/2 

+  F.C.,  giving  a  comnositlon  approximating  Betf"B_. 

-  0 


The  structure 
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Table  I 
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220 

.2192 
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26 
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.3286 

4 
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27 
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7 

15.6 
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31 

18. 7 

440 

.3765 

.8764 

235 

274 

531 

.9586 

.9585 

18 

17.1 
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F.lactron  along  th«  body  diagonol 

of  the  beryllium  boride  unit  call. 
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factors  calculated  for  this  composition  arc  ahown  with  the  observed 
▼alues  In  Table  I;  the  reliability  factor,  R  ®  |  F*^ic  -  F*^8  | 

/yi'obj  •  *•  °‘ir> 

The  density  and  chemical  composition  are  consistent  with  thie 
structure •  if  allowance  le  made  for  the  presence  of  other  phases,  but 
accordingly  do  not  provide  any  conclusive  evidence  on  the  BOgB,.  phase. 
The  densities  of  several  of  the  coppery  particles,  measured  by  flo¬ 
tation,  ranged  from  I.96  to  2.20  g./c c.;  the  calculated  density  for 
five  boron  and  eight  beryllium  atoms  in  the  unit  cell  ie  2.C71  g./cc. 

▲  chemical  analysis  was  made  of  an  81.2  mg.  sample  of  the  coppery 
material  as  dissolved  In  concentrated  SCI.  Beryllium  was  first  pre¬ 
cipitated  with  ammonium  hydroxide,  filtered  off  with  Whatman  Ho.  40 
paper,  ignited  to  constant  weight,  and  determined  as  the  oxide.  Thsn, 
•odium  hydroxide  was  added  to  the  flltnte,  the  ammonia  expelled  by 
boiling,  bromine  added,  and  the  solution  boiled  again  to  insure  coc- 
versic  of  all  the  boron  to  borate,  fhe  pH  was  adjusted  to  correspond 
with  a  comparison  solution  containing  an  approxlcataly  equivalent  amount 
of  horio  acid;  methyl  red  wae  used  as  the  indicator.  Mannitol  was  added 
and  the  solution  was  titrated  with  standard  0.1  K  sodium  hydroxide 
to  a  phenolphth&leln  end  point.  The  result  of  the  analysis  wae 

Be  ■  7O.5  atom  f 
B  *  22.2  atom  $> 

The  remaining  7 *3^  was  Insoluble  in  the  concont rated  RC1,  and  wao 
doubtless  boron  In  some  fom;  the  sample  therefore  probably  contained 
29*5  atom  ja  B  altogether,  as  compared  to  61.5  atom  #  beryllium  and 
38.5  atom  %  boron  for  Be.JL’  Since  the  powdor  photographs  indicate 
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that  other  phase?  may  comprise  as  much  as  J,Of>  of  the  coppery  material, 
and  that  these  phases  are  oa  the  iiifh  boryllium  side  of  BegBj.,  tho 
results  of  the  analysis  are  not  unreasonable.  Direct  determination 
«f  the  exact  composition  will  require  a  sample  of  ouch  higher  purity 
than  we  have  so  far  been  able  to  obtain;  and  Professor  Pol  Duvet  has 
kindly  consented  to  investigate  the  possibility  of  obtaining  improved 
sasples  at  tha  Jet  Propulsion  Laboratory. 

Discussion.  -  The  tentative  structure,  of  gp proximate  composition 
Beg.\,  is  truly  an  interesting  and  surprising  one.  The  following 
remarks  may  help  to  lend  it  credibility. 

Of  the  many  metallic  borides  which  have  been  studied,  the  great 
majority  contain  boron  frameworks  of  some  sort,  such  as  ebalns,  hex¬ 
agonal  nets,  or  three  dimensional  networks  of  joined  octahedra.  The 
boron-boron  bonds  in  these  borldss  have  lengths  in  the  range  1. 7-1.8  i, 
and  would  appear  to  be  strong  compared  to  the  boron-metal  and  metal- 
metal  bonds.  Moreover,  a  given  structure  type  is  stable  over  a 
rather  wide  range  of  different  metal  atoms,  as  for  example  in  the 
MBa  series.  Presumably,  it  la  the  ability  of  boron  to  form  the  frauna- 
works  in  these  compounds  which  is  chiefly  responsible  for  their 
formation  and  stability. 

Serylllui  carbide,  BeaC,  has  besn  studiod^  and  found  to  have  the 
fluorite  etruoture.  We  may,  therefore,  consider  the  structure  of  BegB^ 
to  be  a  compromise  between  a  tendency  for  beryllium  to  adopt  tho 
fluorite  arrangement  in  these  structures  and  the  tendency  for  boron 
to  fora  some  sort  of  network  containing  boron-boron  bonds.  This, 
boren  doee  in  the  proposed  BegB^  structure,  but  not  in  tho  iolated 
idea]  fluorite  arrangement. 


I 


Also,  It  must  ‘ie  noted,  BegB,.,  i*  contrast  to  hai»  almost 

Identically  the  same  number  of  valence  olectrons  per  unit  cel?,  as 
BegC^,  and  this  may  be  significant. 
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product  resembled  Iron  pyrites  in  appearance,  and,  bp  qualitative 
analysis,  contained  copper,  elllcon,  and  boron;  the  denelty  was  8.116 
s/co.  Quantitative  analysis  for  copper  and  silicon,  tcgsther  with 
the  assumption  that  the  sample  was  a  mixture  of  silica  and  a  copper 
boride,  then  led  to  the  fonaula  CujSg* 

Our  attempt  to  prepare  this  boride  was  carried  out  in  a  similar 
manner,  a  current  of  helium  being  parsed  over  the  sample  during  the 
heating  period.  In  addition  to  unreacted  copper  and  boron,  the  pro¬ 
duct  contained  small  particles  of  a  brittle,  silvery  substanoe,  of 
density  about  8  g./oc. 


X-ray  powder  photographs,  prepared  from  a  crushed  sample  of  the 
eubstance,  turned  cut  to  be  identical  with  photographs  obtained  later 


from  a  sample  of  the  copper  slllclde  Ou8Sl,  It  was  noticed  that  on 
St  ndlug  in  air  fragments  of  the  eubstance  changed  until  they  had  the 
appearance  of  pyrlte.  The  powder,  ifcen  heated  to  100°  C  for  a  short 


time  in  the  presence  of  air,  also  developed  this  yellow  color. 

The  X-ray  photographs  and  the  similarities  in  preparation  snd 


properties  of  our  sample  to  Marsden's  CujBa,  together  with  the  failure 

5  6 

of  other  attempts  to  prepare  a  copper  boride,  '  seem  to  indicate 


that  both  preparation  a  are  actually  copper  silloiic,  poes.'bly 
containing  a  small  amount  of  boron*  The  eource  of  silicon  In  the 
preparations  is  without  doubt  the  porcelain  crucible. 

Additional  attempts  using  the.  eleotrio  aro  furnace  at  the 
Jet  Propulsion  Laboratory  were  unsuccessful,  and  it  seems  that  no 
copper  boride  can  be  formed  by  a  direct  union  of  the  two  elements. 
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